Three members of the lead (II) n-alkanoates (from etanoate to n-butanoate) have been synthesized, purified and studied by d.s.c., Xray diffraction, and FTIR spectroscopy. Lead (II) acetate, propanoate, and butanoate present only a melting transition at T = (452.6, 398.2, and 346.5) K, with D f H = (16.0, 13.1, and 15.6) kJ AE mol À1 , and D f S = (35.3, 32.8, and 45.1) J AE mol À1 AE K
Introduction
Lead (II) n-alkanoates series (Pb(Cn) 2 , where n is the total number of carbons of the alkanoate group, hereafter) have been largely studied by several authors [1] [2] [3] [4] [5] . The main feature of this series (for n P 6), is the presence of polymesomorphism: there is a first transition from a well organized crystal to a mesophase, characterized by a conformational disorder in the alkyl chain (called ''condis'' phase [6, 7] ), and followed by a fusion to a neat phase or ''smectic A like'', which goes into a stable isotropic liquid (ionic) at the ''clearing'' point. The thermal behaviour of all the members of the series above n = 6 is reversible on heating and cooling the samples several times. Only small under cooling effects were observed, typical of the firstorder transitions.
Short members of the series were barely studied, but it is necessary to know their behaviour to understand better the whole lead (II) alkanoate series. In our knowledge, there is no literature information on the lead (II) n-pentanoate member. Its behaviour is under study and was found to be so complicated that a special attention has to be paid to this compound. The physical chemistry data found for the three short members, Pb(C2) 2 , Pb(C3) 2 , and Pb(C4) 2 , are dated and taken on not well-identified samples. For instance, melting points reported for Pb(C2) 2 and Pb(C4) 2 in CRC Handbook of Chemistry and Physics (2005 edition) are T = (553 and 363) K, respectively, which greatly differ from the values reported in this work, viz T = (452.6 and 346.5) K, respectively. We attribute this lack of reliable data to the difficulties in the synthesis and purification of these compounds when following the usual methods described in the literature [8, 9] . We used a new method of synthesis that allowed us to succeed in obtaining very pure samples (see section 2.1).
On the other hand, although the shortest chain members of this series do not behave as thermotropic liquid crystals (only members from n = 6 to 12 present thermotropic liquid crystal behaviour [5, 10] ), they present a rather new interest as ''Ionic Liquids'' [11, 12] . The compounds studied here melt at relative low temperatures in comparison with any other homologous series with other cations (e.g., sodium or potassium, earth alkaline, or thallium (I) n-alkanoates [10] ). Actually, lead (II) butanoate has its melting point below T = 373 K (see section 3.1). So, it can be considered as an Ionic Liquid, according to the generally accepted IUPAC definition for these neoteric materials. This aspect makes them very interesting for the possibility of being used as a non-volatile ionic solvent (''designer solvent'').
One interesting aspect of these short members is that, although they are not thermotropic mesogens, they may form lyotropic mesophases when mixed with another analogous salt with the same anion and different (size or charge) cation [13] . This ionic lyotropic mesophase combines both ionic liquid and liquid crystal properties (mainly the orientational order in a fluid phase), making them even much more interesting systems. Previous to the study of these binary phase diagrams is to know perfectly the thermal behaviour of the pure components.
Another interesting feature of metal alkanoates is the formation of the glass state. It has been well known for more than 30 years [14, 15] that metal acetate systems (acetate or their binary mixtures) have a strong tendency to form glasses.
All the compounds studied here readily quench into a glass state. Lead (II) acetate glass was already known [16] . What is new so far in our knowledge is that lead (II) propanoate and butanoate behave similarly to lead acetate.
Experimental

Sample preparation
In the case of the Pb(C2) 2 , a commercial lead(II) acetate trihydrated sample (Fluka, >99.5%) was first dehydrated by heating at T = 415 K under vacuum. It was recrystallized later in ethanol (Merck, P99.8) several times and vacuum dried again.
On the other hand, Pb(C3) 2 and Pb(C4) 2 , were prepared by reaction between the corresponding acid (propionic and butyric acids, both Fluka, P99.5) and lead (II) oxide (Aldrich, P99.8) in ethanol, being later recrystallized in ethanol and vacuum dried. Surprisingly, this is, to our knowledge, the first time that this method was used to synthesize these compounds.
The purity of all compounds was monitored by d.s.c., FTIR spectroscopy, and elemental analysis. The d.s.c. purity determinations, average of at least three measurements, were 99.55%, 99.73%, and 99.63%, for Pb(C2) 2 , Pb(C3) 2 , and Pb(C4) 2 , respectively. A polarizing light microscope was used to identify the phases as solids, or liquids, or glasses.
Differential scanning calorimetry
A Seiko Instruments Inc. d.s.c., Model 22, in connection with the control unit SSC5100 d.s.c. was used to register all the thermograms. Tightly sealed aluminium volatile pans, with samples weighing about (10 ± 0.001) mg, were scanned at heating rates of 5 K AE min À1 in air. The instrument was calibrated for temperature using standard In and Sn samples, supplied by Mettler (mass fraction purity >0.99999 and >0.999, respectively), and standard benzoic acid (mass fraction purity >0.9997), supplied by the former NBS (lot 39i). Calibration in energy (enthalpy) was done by means of the same standard In and Sn samples, already described.
Optical microscopy
To identify the nature of the phases (solid, liquid crystal, glass, or liquid), a Carl Zeiss-Jena polarizing optical microscope, model Zeiss Jenalab pol-30-G0527, equipped with a LINKAM hot stage, model THMS600, connected to a LINKAM programmable temperature-controller, model TMS94, was used.
X-ray diffraction
Samples were measured at room temperature in reflection mode in a Panalytical X'Pert PRO Alpha1 diffractometer equipped with a curved Ge111 primary beam monochromator and a fast detector X'Celerator (Cu Ka 1 radiation, 45 kV, 40 mA). The measurement range of 2h was from 3°to 70°, and step size 0.0167°.
FTIR spectroscopy
Infrared spectra of Pb (II) alkanoates in KBr pellets and as powder between two KBr crystals were recorded using a Nicolet Magna 750 FTIR spectrometer at a resolution of 2 cm À1 in the mid infrared. No significant differences between spectra of samples prepared as pellets or as powder were found. A commercial variable temperature cell, SPECAC VTL-2, adapted for solid samples was employed to obtain IR spectra at different temperatures.
Results and discussion
Differential scanning calorimetry
In figures 1 to 4, thermographs of specified compounds are shown. All the plots of figures 1, 2, and 4 have the same heat flow units (ordinate), and were displaced one to another to make their comparison clearer. The heating rate for all the d.s.c. thermograms was 5 K AE min À1 . The three members studied were explored in the temperature range of 173 K to 600 K. However, thermal effects were found only in the ranges T = (253 to 523, 253 to 423, and 243 to 383) K for Pb(C2) 2 , Pb(C3) 2 , and Pb(C4) 2 , respectively.
At least three different pans of different weight for each compound were studied to obtain the average data of temperature, enthalpy and entropy.
3.1.1. Pb(C2) 2 and Pb(C3) 2 Lead (II) acetate and propanoate have similar thermal behaviour (see figures 1 and 2, respectively): both present only a fusion (1a and 2a, respectively) when heated from the crystalline phase. Both compounds quench into the glass state when being cooled rapidly at about 10 to 20 K AE min À1 until the temperature of about 250 K is reached (starting temperature of the thermograms). In a second heating (1b and 2b, respectively), a glass transition followed by crystallization and a fusion are observed. The following heating reproduced exactly the second ones as long as the experimental conditions already described are repeated. This behaviour was also observed by optical microscopy: some degrees above its glass transition (T g ), the glass phase (isotropic to the polarized light) transforms on heating into a crystal phase (birefringent), which finally melted to an isotropic liquid.
It is well known that the glass transition temperature and the temperature of crystallization on heating, taking place some degrees below the regular fusion, depends on the heating rate, due to the kinetic nature of the process.
Thermal functions (transition temperatures, D trs H, D trs S) for fusion and crystallization, and the glass transition temperature (T g ) of Pb(C2) 2 and Pb(C3) 2 are summarized in table 1.
Pb(C4) 2
Lead (II) butanoate behaves to some extent differently: it presents only a fusion during the first heating (figure 3) from the stable crystal phase; but when it is cooled rapidly at about 10 K AE min À1 down to about T = 240 K, the thermal behaviour changes depending on the temperature at which the sample was cooled, and on the elapsed time until it is heated again. Thus, if the thermogram is recorded immediately after cooling (figure 4a), only a glass transition is observed, indicating that at the starting temperature the sample was 100% in the glass state. On the other hand, waiting about 10 h at room temperature resulted in the crystallization of a new solid phase (figure 4b), confirmed by the appearance of a T g at the same temperature (with a smaller value of heat capacity increment) followed by an endothermic peak at T = 322.8 K, associated with a fusion to a new crystal phase. Thermogram 4c was recorded after waiting 18 h at room temperature, time sufficient for the total conversion into this new crystalline phase, proved by the absence of the glass transition. This crystalline phase could be a polytype or a monotropic polymorph, and is metastable according to its lower melting point and its slow conversion to the initial phase after waiting for a long time. After 1 month, a partial conversion (metastable crystal to stable crystal) was seen (figure 4d), while after waiting for 2 months total conversion was obtained (figure 4e).
Temperatures, enthalpies, and entropies of the stable phase ( figure 3 ) and of the transitions in thermograms 4c and 4e, including the T g for figure 4a, are given in table 2.
X-ray diffraction
Only two lead (II) n-alkanotes have been studied as single crystals by X-ray diffraction: lead (II) acetate trihydrated [17] and n-heptanoate [18] (monoclinic and triclinic structure, respectively), although the former is not comparable with the members studied here since it is a hydrated compound.
The X-ray of Pb(C7) 2 single crystal shows a triclinic and bilayered structure, with two different alternating layers: one ionic (lead (II) cations and carboxylates) and another lipidic (van der Waals interactions between the CH 3 at the end of the chains). All the chains are in all-trans conformation and slightly tilted.
The main structural difference among the different members must be the c parameter, which depends only on the length of the aliphatic chain. Thus, its very easy to infer the d-spacing (between layers) of these short lead (II) alkanoates by XRD powder diffraction (00l planes). In figure  5 , the experimental d-spacing values of Pb(C2) 2 , Pb(C3) 2 , and Pb(C4) 2 are given, together with the calculated value for the Pb(C7) 2 from its single crystal data [18] . Except for Pb(C2) 2 , the d-spacing for the other members can be fitted to a linear equation, whose slope agrees with the CH 2 increment in the trans position in each chain (Dd), so Pb(C3) 2 and Pb(C4) 2 might be considered iso-structural with Pb(C7) 2 .
The Pb(C2) 2 d-spacing deviates from the correlation found, indicating that its crystalline structure is not comparable. As is well known, the anhydrous compounds have always more symmetry than the hydrated ones; since lead (II) acetate trihydrated is monoclinic, even more symmetry is expected for Pb(C2) 2 , explaining its d-spacing deviation.
FTIR spectroscopy
The FTIR spectra of Pb(C2) 2 , Pb(C3) 2 , and Pb(C4) 2 were recorded from room temperature to above their melting points and cooling back to room temperature. The measured Dm, between the m as and m sym carboxylate vibrations in the crystals are about 149 cm À1 , 139 cm À1 , and 113 cm À1 , respectively. These values are intermediate 2 and Pb(C3) 2 thermal functions, in (a) first, and (b) second and following heatings 398.1 ± 0.5 13.1 ± 0.1 32.9 ± 0.3 289.0 ± 0.4 330.6 ± 0.5 À7.9 ± 0.3 À23.9 ± 0.9
T g and T crys were measured at a heating rate of 5 K AE min
À1
.
TABLE 2
Thermal data for Pb(C4) 2 , in its first heating (figure 3) and following (figure 4a, c and e) between those corresponding to bridging and chelating bidentate carboxylate coordinations [19] , in agreement with the X-ray results obtained for other lead alkanoates single crystals in the literature [17, 18] (both structures show two kinds of carboxylates: half of them are ''only chelating'', and the other half, ''bridging-chelating''). The FTIR spectra of Pb(C2) 2 and Pb(C3) 2 in the solid and liquid phases are almost identical and no changes are observed on cooling ( figure 6a and b) . Therefore, infrared spectra do not allow distinguishing the glass from the liquid or solid phases.
On the contrary, the infrared spectrum of Pb(C4) 2 depends on the sample temperature, and changes (on band frequencies and intensities, and on band splittings) are observed. So, the CH 2 scissoring (around 1460 cm À1 ) and rocking (around 750 cm À1 ) bands split in the solid phase spectrum, but only one band is observed in the melted sample. Also, the shift between m as and m sym carboxylate vibrations varies from 113 cm À1 in the crystal to 130 cm À1 in the liquid phase. All these features reflect changes in the carboxylate environment and in the chain mobility in the melting transition in concordance with the thermal behaviour already described. It is worth mentioning that, as can be seen in figure 7 , the original spectrum is not recovered after cooling back to room temperature coincident with the existence of a metastable solid phase detected by d.s.c..
According to the d.s.c. and FTIR experimental results, Pb(C4) 2 shows two different structures in solid state (one stable and other metastable), pointing to a kind of monotropic polymorphism or polytypism, frequently present in bilayered compounds (e.g., organic acids [20] ). The conversion of one of these two phases into another never could be recorded by d.s.c.. This behaviour is typical of those phenomena. The metastable phase (the one with lower melting point) always appears on cooling the sample from the melt, and could be considered the polytype/polymorph of the stable crystalline phase of Pb(C4) 2 . FIGURE 6 . FTIR spectra of (a) Pb(C2) 2 and (b) Pb(C3) 2 at the specified temperatures. The two upper spectra of Pb(C3) 2 were recorder on cooling back the sample.
Conclusions
Thermodynamic data of these three salts almost complete the study of the lead (II) n-alkanoates, only the Pb(C5) 2 remains. The temperatures and enthalpies of the different transitions for the lead (II) n-alkanoates series are represented in figures 8 and 9, respectively.
The simpler thermal behaviour of the shortest members with respect to the intermediate and large ones can be clearly seen. The intermediate condis and liquid crystal phases disappear for the compounds studied here. Lead (II) n-pentanoate, which shows rather complicated behaviour under study, must be the link of both groups.
As has been described, Pb(C2) 2 , Pb(C3) 2 , and Pb(C4) 2 are also characterized by their easy formation of glassy states. Thus, kinetic studies should be carried out in order to thoroughly characterize the properties of these amorphous phases.
In the case of the lead (II) butanoate, it is important to note its nature as an ionic liquid. These compounds are organic salts where, normally, the organic chain comes from the cation, such alkylammonium salts; thus, Pb(C4) 2 can be considered one of the few salts (behaving as ionic liquids) based on an anionic organic chain. 
